Several extended Rydberg series have been experimentally identified in triply excited states of hollow lithium, by use of electron spectrometry and synchrotron radiation at the Advanced Light Source. Energies, partial cross sections, and quantum defects have also been calculated using the R-matrix approximation. Our results show that the two inner electrons stay in a core-excited state of given symmetry while the behavior of the third electron is mostly governed by the nuclear potential screened by the two inner electrons. [S0031-9007(97)03826-X] PACS numbers: 32.80. Hd, 32.80.Fb, 32.80.Rm We present here the first experimental evidence demonstrating the existence of several extended Rydberg series in the hollow triply excited states of lithium. These new results, obtained using electron spectrometry and synchrotron radiation, are supported by our theoretical calculations made using the R-matrix approximation. We also explain why these Rydberg series have not been observed previously.
We present here the first experimental evidence demonstrating the existence of several extended Rydberg series in the hollow triply excited states of lithium. These new results, obtained using electron spectrometry and synchrotron radiation, are supported by our theoretical calculations made using the R-matrix approximation. We also explain why these Rydberg series have not been observed previously.
The inner shell (K, or 1s) in a hollow atomic or ionic state is empty. Simultaneous excitation of all three electrons can create hollow lithium states of the type nᐉn 0 ᐉ 0 n 00 ᐉ 00 with n $ 2 [1] [2] [3] [4] [5] . A calculation of some low-lying hollow lithium states in hyperspherical coordinates has been recently carried out [6] as a step towards the development of a classification scheme for triply excited states, analogous to the ͑K, T͒ A radial and angular correlation quantum numbers [7, 8] used to describe the doubly excited states of helium [9] . For future understanding an important question is whether hollow lithium states exist which can be regarded as heliumlike doubly excited Li 1 terms plus a running outer electron or is the configuration mixing so great that Rydberg states of this type are absent? An earlier experiment [3] measuring the yield of Li 1 ions by photoion spectrometry did not reveal such series features. In fact, the authors specifically stated [3] "that the most striking aspect of the ion spectrum is the complete absence of any identifiable Rydberg series structure." Later measurements taking advantage of the final-state selectivity of photoelectron spectroscopy [4, 5] suggested, however, that some of the observed structures could be identified as first members of Rydberg series. But their effect on partial cross sections for photoionization into final Li 1 ionic states with one vacancy in the 1s shell was very weak and no higher terms of any series were observed.
We have carried out new theoretical R-matrix calculations which predict the existence of eight Rydberg series between 150 and 160 eV, i.e., 1s 2 2s 2 S 1 hn ! ͓͑2s 2 is shown in Fig. 2 . At excitation energies lower than the 2s 2 1 S (151.66 eV), the n 3 and n 4 terms of the ͓͑2s2p 3 P͒ns 2 P͔ series only decay to the singly excited 1snᐉ states. These decay paths cause interferences with the direct photoionization route as reported earlier [5] . However, the n $ 5 terms of this series lie above the 2s 2 present experiments provide, for the first time, channel selective detection of the decay of triply excited states of hollow lithium via these intermediate doubly excited Li 1 states, providing the required sensitivity for detecting the corresponding Rydberg series terms leading to these limits. For simplicity we will use the one-electron notation in the rest of this paper.
The present photoelectron spectrometry measurements were carried out on the undulator beam line 9.0.1 at the Advanced Light Source (ALS) in Berkeley. The experimental setup and experimental procedure have been previously described [4, 5] . A spectral resolution of 40 meV and an electron resolution DE͞E of 0.4% were used. The relative partial cross sections were put on an absolute scale by normalization to the measured photoabsorption cross section [10] . Details about our R-matrix calculations have been also given elsewhere [4] .
In our experiment, we measured the intensity of the high-energy electrons´2s as a function of the photon energy. Since the radiative decay of a light element like Li is very weak compared to autoionization, the partial cross section measured from the second step of the autoionization process is essentially the cross section for photoionization into the 2s 2 1 S Li 1 final ionic state. We show in Fig. 3 the results of our measurements over the excitation energy range of the ͓͑2s2p 3 P͒ns͔ 2 P series. The experimental data are shown in the upper part and our convoluted R-matrix calculations in the lower part of the figure. We present the variation of the partial cross sections, for photoionization into the singly excited level 1s2s 3 S (upper curve, left scale) and the doubly excited level 2s 2 1 S (lower curve, right scale) Li 1 states. Autoionization of the n 3 and n 4 terms into Li 1 ͓1s2s 3 S͔ has only a weak effect on the corresponding partial cross section, as expected from our ab initio calculations and suggested by our earlier measurements [5] . For n $ 5 the excitation energy of the 2s 2 1 S ionization limit is exceeded and well resolved electron lines are observed in this channel with intensities decreasing with increasing n; Rydberg states with n extending up to 8 are clearly evident. Particularly noteworthy is the contrast of the resonant Rydberg series when detected in the 2s 2 1 S channel; the extremely low associated background ensures that they are strongly evident despite the fact that the partial cross section at the top of the most intense resonance is less than 15 kb. The regular intensity behavior of the observed Rydberg series implies that the relaxation process which leads to ionization of the outer electron does not depend much on the running nᐉ orbital. The partial cross section for photoionization into the 1s2s 3 S is many times greater ͑.200 kb͒; nevertheless the Rydbergs are barely noticeable in this channel due to the large continuum arising from the direct nonresonant photoionization process. These considerations explain why such an extended Rydberg series was not observed in previous photoionization experiments detecting the ion yield in the Li 1 channel. They should, however, be observable in the Li 21 channel, especially between 151.66 eV (energy of the 2s 2 1 S threshold) and 152.41 eV (2s2p 3 P Li 1 threshold): In this energy region, photoion [11] and photoelectron spectrometries should give the same results if one neglects the weak direct double photoionization process. We show in the lower part of Fig. 3 the results of our R-matrix calculations for the same partial cross sections. The length and velocity forms cannot be distinguished within the scale of the figure. There is excellent qualitative agreement between our experimental and theoretical data, as was already observed for photoionization into many of the 1snᐉ 1,3 L states of Li 1 ions [5] . We show in Fig. 4 a second example of a Rydberg series to further illustrate the quality of the experimental data and to demonstrate that extended Rydberg series are a general feature of hollow lithium states (at least with N 2). According to our calculations and to preliminary data [12] , the energies of the members of the 1s 2 2s 1 hn ! ͓͑2p 2 1 S͒np͔ 2 P series lie between 156 and 159 eV, converging to the doubly excited ionization limit 2p 2 1 S at 159.16 (2) eV. We show the partial cross sections for decay of this series via the 2p 2 1 D (upper panel) and 2s2p 1 P (lower panel) doubly excited Li 1 states, both of which lie lower in energy than the n 3 member of the triply excited Rydberg series. In both panels the results of our R-matrix calculations are shown as solid lines, after convolution with the experimental spectral resolution. They are in good agreement with the experimental data. It should be noted in this case that the theoretical cross sections are lower than the experimental values. The profiles of the cross section are predominantly symmetric and Lorentzian in the 2p 2 1 D channel, suggesting that the interference between the direct and resonant paths is weak in this channel. The relaxation processes leading to decay in these two channels (2p 2 1 D and 2s2p 1 P) are different; core relaxation is required for the decay to the 2s2p 1 P, whereas a coupling change suffices for decay to the 2p 2 We present in Tables I and II our measured values for the energies of the various terms of the ͓͑2s2p 3 P͒ns͔ 2 P and ͓͑2p 2 1 S͒np͔ 2 P Rydberg series, respectively, together with the results of our calculations. For the ͓͑2s2p 3 P͒ns͔ 2 P series the energies of the n 3 and n 4 terms were previously determined [5] from measurements into the 1s2p 1,3 P and 1s4ᐉ 1,3 L channels. The calculated energies of the n terms of this series are all lower by about 0.2 eV and the absolute values of the calculated partial cross sections are again slightly higher than the experimental results, as was previously the case for the main hollow-lithium states [5] . (One should keep in mind, however, that the accuracy of the photoabsorption measurements is not better than 25%.) We also determined the quantum defects for the series and compared them with the results of our R-matrix calculations as shown in the right part of Table I . Agreement between experimental and theoretical data is excellent for the first three terms. For the higher terms, the theoretical results seem to decrease slightly while the experimental data increase slightly; the error bars, however, are much larger for these states. The experimental and theoretical values The lowest term of this series should be 2p 3 2 P at 148.7 eV. However, this state is so strongly perturbed that it cannot be considered as part of the Rydberg series. (The calculated quantum defect would be 0.82.) of energies and quantum defects for the ͓͑2p 2 1 S͒np͔ 2 P Rydberg series (Table II) are in excellent agreement. The numbers for the quantum defects are remarkably constant throughout the series. Its absolute value for this series is smaller than that for the ͓͑2s2p 3 P͒ns͔ 2 P series as expected, since the orbital of an np electron penetrates the two core-excited electrons less than does an ns electron.
To conclude, we have definitely demonstrated that many of the hollow states of atomic lithium can be classified into extended Rydberg series. The present results confirm that these hollow states can be considered to be formed of two core-excited inner electrons strongly bonded together in a given symmetry while the third electron behaves like a quasihydrogenic electron, even though in the triply excited states the one-electron orbitals are modified by the strong perturbation introduced in the atom by the absence of electrons in the 1s inner shell. 
